We present a coherent microwave to telecom signal converter based on the electro-optical effect using a crystalline WGM-resonator coupled to a 3D microwave cavity, achieving high photon conversion efficiency of 0.1% with MHz bandwidth.
Introduction
Quantum information technology based on superconducting microwave qubits has boosted the interest in converting quantum states from the microwave to the optical domain. Optical photons, unlike microwave photons, do not face high transmission losses or strong decoherence at room temperature making them suitable for long distance quantum communication. Moreover, the optical domain offers access to a large set of very well developed quantum optical tools, such as highly efficient single-photon detectors and long-lived quantum memories. For complex quantum systems, a noiseless conversion channel with near unity conversion has to be developed. The highest microwave to optical conversion efficiency so far was reached via electro-optomechanical coupling, where nearly 10% photon conversion efficiency in a cryogenic environment was reported [1] . However, the bandwidth of this approach is fundamentally limited to the mechanical resonance frequency and recent implementations reach only several tens of kHz. Electro-optic modulation is another approach for coherent microwave to optical conversion. The process can be described by sum-frequency (SFG) and difference-frequency generation (DFG). We focus on the SFG process because it is fundamentally noiseless and hence does not lead to decoherence if the photon conversion efficiency approaches unity. Resonant electro-optic modulation was realized in high Q whispering gallery mode resonators (WGM) coupled to a microwave resonator [2, 3] . These implementations could however only achieve single SFG or DFG by detuning the involved optical and microwave pump, resulting in an increase of the required optical pump power. Electro-optic single-sideband conversion has been demonstrated in a lithium tantalate WGM resonator, where the optical pump and the optical signal were orthogonally polarized (type-I conversion) [4] . We present a new take on the classical electro-optical (type-0) modulation within a lithium niobate WGM-resonator, where single sideband operation is made possible without detuning. Hereby we reach a photon conversion efficiency three orders of magnitude higher than in previous works [2, 3] . This significant increase of the conversion efficiency is due to better optical and microwave Q factors as well as improvements in the geometry of the microwave cavity, which strongly focuses the microwave field into the optical mode volume. Furthermore, our system has a bandwidth of a couple of MHz and is fully compatible with circuit QED. 
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Results
For the experiment, we fabricated a z-cut lithium niobate WGM resonator which is placed in a 3D microwave copper cavity as depicted in Fig. 1a) where it is clamped by two metallic rings that are designed to maximize the field overlap between the microwave and the optical modes. A silicon prism is placed within the cavity to evanescently couple light into the WGM resonator. Two holes in the copper cavity allow the optical pump light (λ ≈ 1550 nm) to enter and the light reflected from the prism, as well as emitted from the WGM resonator, to leave the cavity. This light is collected and analyzed by an optical spectrum analyzer (OSA) and a photodiode which allows us to extract information about the optical loaded Q (> 10 8 ) and the optical free spectral ranges (∼8.95 GHz). The microwave signal is coupled into the cavity via a coaxial pin coupler mounted close to the WGM resonator. A metallic screw is used to perturb the microwave field for fine adjustment of its resonance frequency from 8.90 to 9.07 GHz. We find a loaded Q Ω = 246 for the undisturbed mode, which decreases to Q Ω = 174 for maximum perturbation by the screw. The whole setup is thermally stabilized at room temperature. We are able to switch between sum-and difference frequency generation by employing avoided crossings of the optical modes, which lead to an asymmetric spectral distance between three neighboring resonances. Since the mode crossings are temperature dependent, they can be used to tune the microwave frequency of the converter over several tens of MHz. To estimate the single sideband photon conversion efficiency we set it in a configuration to maximize the upconversion and minimize the downconversion channel. Then, we measure the upconverted signal at different microwave pump powers as shown in figure 1b) . From the slope of a linear fit in the undepleted regime (grey) we can extract a photon conversion efficiency of η + = (1.09 ± 0.02) × 10 −3 with 1 MHz bandwith [5] . This efficiency is 3 orders of magnitude better than previous electro-optical attempts. We will report which enhancements of our system can lead to efficiencies reaching unity [5] .
